This paper reports the construction of a transgenic strain of cyanobacterium aimed at removing heavy metal pollution in waters. The mouse metallothionein-I (mMT-I) gene was inserted in the vector pRL-439 downstream of the strong psbA promoter. The resulting plasmid pRL-MT was ligated at the EcoRI site of the shuttle vector pKT-210 to generate the shuttle expression vector pKT-MT. This recombinant plasmid was introduced into Anabaena sp. PCC 7120 by triparental conjugative transfer. After selection on streptomycin, a stable transgenic Anabaena strain was obtained. The presence of the mMT-I gene was confirmed by DNA/DNA hybridization and its expression was demonstrated by immunodetection with specific antibodies. A metal tolerance experiment showed that this transgenic Anabaena strain had acquired higher metal resistance. ß
Introduction
With the development of modern industry and agriculture, pollution increases. The drainage of sewage results in contamination of waters with heavy metals. Among the heavy metal pollution in nature, cadmium (Cd) is the most serious, then mercury (Hg) and lead (Pb). Heavy metals, such as cadmium can move into the food chain and be harmful to human health. It is thus imperative to solve the problem of heavy metal pollution [1] .
Metallothionein (MT) is a low molecular weight, cysteine-rich metal binding protein [2] in a variety of species among mammals, plants and microorganisms. It plays an important role in heavy-metal detoxi¢cation, and Zn and Cu homeostasis [3] . The synthesis of MT can be induced by stress. Heavy metals, such as cadmium, copper, and mercury have been found to bind to metallothionein through the cysteinyl side chains, and exposure to these metals causes rapid de novo synthesis of metallothionein in the environment [4] . It is thus interesting to introduce the MT gene into organisms for improving sequestration of toxic metals. Cyanobacteria are a group of prokaryotes which are capable of oxygenic photosynthesis, similar to that performed by plants. They are widely distributed and can persist in many kinds of waters, such as seas, rivers, lakes and pools, etc. Filamentous heterocystous cyanobacteria can ¢x nitrogen and stay alive under stress conditions. Although they possess an MT-like protein [5] , the metal-binding ability of cyanobacteria is not very high. Some researchers having successfully introduced a mammal MT gene into plants to get high metal-tolerant varieties [6] ; we chose to transfer the gene coding for mouse liver MT-I into cyanobacteria to confer cadmium resistance and clear away heavy metal pollution in waters. In this work, the conjugative transfer system was used to introduce the mMT-I gene into the ¢lamentous cyanobacterium Anabaena sp. PCC 7120, and our results showed that the expression of the mMT-I gene in transgenic Anabaena indeed conferred cadmium resistance. The mammalian MT gene had previously been introduced into Anabaena sp. PCC 7120 in our laboratory, but its expression was not very high. By constructing a new shuttle expression vector, the expression of mMT-I gene was greatly raised.
Materials and methods

Plasmids and bacterial strains
Plasmid pRL439, plasmid pRL542, Rp4 and plasmid pKT-210 were kindly provided by Professor C.P. Wolk of Michigan State University (USA). Plasmid pBX-MT containing two copies of the mouse MT-I gene was supplied by Professor R.D. Palmiter of Washington University (USA). E. coli HB101 was used as a host in all recombinant plasmid constructions.
Culture of cyanobacteria and conjugation conditions
Anabaena sp. PCC 7120 was cultivated in BG-11 liquid medium at 26³C under constant light (100 WmolWm 3I Ws 3I ) [7] . The culture medium was changed every 12^15 days. Conjugation between E. coli and Anabaena was performed according to Wolk and Elhai [8] . E. coli HB101 bearing the conjugation and helper plasmids, E. coli HB101 containing the shuttle expression plasmid with the mMT-I gene and Anabaena sp. PCC 7120 were mixed together in appropriate proportion, then spotted onto the ¢lter papers laid on BG-11 agar plates. After incubation for 24^48 h, the ¢lters were transferred to plates supplemented with 25 WgWml 3I streptomycin (Sm). The cyanobacterial clones, which appeared on the ¢lters 10 days later, were picked and transferred to BG-11 liquid medium containing 25 WgWml 3I Sm for more rapid cultivation.
DNA/DNA hybridization
Cyanobacterial plasmids were isolated from wildtype and transgenic cyanobacteria according to Goyal [9] . Plasmids digested with PstI and Eco-RI were subjected to electrophoresis in 1.2% (w/v) agarose gel and then transferred to a nitrocellulose membrane as described [10] . Prehybridization and hybridization were performed as described [9] , DNA probes were prepared from BamHI restriction fragment derived from plasmid pBX-MT, and radiolabelled with [K-
QP P]dCTP by nick translation [10] .
Western blotting analysis
Wild-type and transgenic cyanobacteria were collected and washed with 10 mM Tris-HCl (pH 8.0), and broken by ultrasonic at 0³C. Whole cell extracts were centrifuged at 10 000Ug for 10 min at 4³C and the supernatants were concentrated in a refrigerated concentrator. The extracted samples were used for Western blot analysis performed according to Burnette [11] . Mouse MT monoclonal antibody was used as the ¢rst antibody, and goat antimouse IgG/alkaline phosphatase as the second antibody.
Measurement of MT content by atomic absorption spectrum
After sonication and centrifugation, the extracted samples of Anabaena were diluted in appropriate proportions to 1 ml, the metal content of samples was measured with a Philips PU 9200 atomic absorption spectrophotometer. The MT content was calculated by conversion of metal content [12] .
Heavy metal tolerance of transgenic cyanobacteria
The e¡ect of Cd P (10 WM CdCl P ) on growth of the wild-type and transgenic cyanobacterial cells was quanti¢ed as a function of time by measuring optical density at 750 nm [13] . Wild-type and transgenic cyanobacterial cells were also streaked onto ¢lter papers laid on 50 WM CdCl P -supplemented BG-11 agar plates with or without antibiotics to further examine Cd P tolerance. The oxygen-evolving activity of wild-type and transgenic cyanobacterial cells treated with 5 WM CdCl P was measured with a Hanstech electrode at 28³C under an irradiance of 600 WmolWm 3P Ws 3I . In all cases, assays were carried out in triplicate and then repeated at least two times.
Results
Construction of shuttle expression plasmid
The strategy for constructing the shuttle expression plasmid pKT-MT containing the mMT-I gene is shown in Fig. 1 . A 300-bp fragment containing the entire mMT-I gene coding sequence was excised from the plasmid pBX-MT [14] by digestion with BglII and BamHI. The excised DNA fragment containing translation initiation and termination sites was inserted into the BamHI site of the intermediary transformation vector pRL-439, downstream of the strong psbA-promoter derived from chloroplast DNA of Amaranthus hybris [15] . Positive clones containing the plasmid pRL-MT were selected by rapid plasmid digestion of the recombinant DNA, and then con¢rmed by PstI and BamHI digestions (data not shown). The recombinant intermediary plasmids were digested with EcoRI and then ligated to the shuttle vector pKT-210. The shuttle expression plasmid containing the genes encoding resistance to ampicillin and chloramphenicol gene, positive clones were selected by using these two antibiotics. The recombinants were also checked by digestion with EcoRI (data not shown). The orientation of the plasmid pKT-MT was further con¢rmed by SstI and BamHI digestions.
Transformation and selection of transgenic Anabaena sp. PCC 7120
The shuttle expression plasmid pKT-MT was introduced to Anabaena cells by triparental conjugative transfer, and exconjugants were selected on BG-11 agar plates containing 25 WgWml 3I of streptomycin. The transgenic cyanobacterial clones forming dense colonies under selective presence were transferred to BG-11 liquid medium for further cultivation. Then the transgenic cyanobacteria containing the mMT-I gene were estimated for their stability. After several successive transfers to BG-11 medium without streptomycin, cyanobacterial clones could still be obtained under selective presence, and cells grew fast in the BG-11 liquid medium supplemented with 25 WgWml 3I of streptomycin. This proved that the pKT-MT shuttle expression plasmid had been introduced into Anabaena cells, and that stable transgenic cyanobacteria had been obtained.
Analysis of gene organization and expression in
Anabaena sp. PCC 7120 DNA/DNA hybridization is shown in Fig. 2A . While no hybridization was observed in wild-type cyanobacteria, transgenic cyanobacterial cells containing the mMT-I gene hybridized with the probe. The results indicated that the mMT-I gene had been successfully introduced into Anabaena, and that the recombinant plasmid pKT-MT maintained stability in the cells. Fig. 2B shows that the transgenic Anabaena cells produced a 6.3-kDa protein that cross-reacted with MT speci¢c antibodies and had the same molecular mass as the MT protein used as standard. The wildtype cyanobacterial whole cell extract did not crossreact. This proved that the shuttle expression plasmid pKT-MT could express the mMT-I gene in transgenic Anabaena cells.
The MT content was calculated assuming 7g Cd atoms bound per mol of MT with a molecular weight of 6050. Fig. 3 indicates that the Cd and MT contents of transgenic Anabaena were three times those of wild-type Anabaena cells. The expression of MT in transgenic cyanobacterial cells was about 0.6 mgWg 3I (wet weight) of Anabaena cells.
The metal tolerance of transgenic Anabaena sp. PCC 7120
As shown in Fig. 4A , transgenic cyanobacterial cells could grow in BG-11 liquid medium supplemented with 10 WM CdCl P , while the growth of the wild-type cells was inhibited under the same conditions. The increase in cadmium tolerance of transgenic Anabaena when compared to the wild-type cells was further con¢rmed using BG-11 solid medium supplemented with 50 WM CdCl P , where only transgenic Anabaena cells still grew.
The oxygen-evolving activity data also showed that transgenic Anabaena acquired higher cadmium tolerance. When 5 WM CdCl P was added, the oxygen-evolving activities of the wild-type and transgenic Anabaena both decreased greatly, but the activity of the transgenic Anabaena increased with time after four days (96 h) to ¢nally reach half of the value at time 0. By contrast, the activity of wild-type Anabaena was lost completely and could not be restored (Fig. 4B ).
Discussion
One of the most serious problems faced by man today is water pollution. We approached here a method to solve this problem by introducing mMT-I gene into cyanobacteria to obtain transgenic strains capable of absorbing heavy metal ions in water. Our data showed that the growth and oxygen-evolving activity of transgenic Anabaena cells were much more than those of the wild-type treated with CdCl P . It clearly demonstrated that cyanobacteria can be genetically engineered for heavy metal tolerance. The transfer of the mMT-I gene into Anabaena sp. PCC 7120 provides a valuable method for generating metal tolerant strains which might be useful for the reclamation of waste waters to protect the environment. Some further research needs to be done before transgenic Anabaena sp. PCC 7120 can be used in practical application. To increase the capacity for metal-binding, we can put e¡orts in the molecular designing of the mMT-I gene, by replacing, for example, the mMT codons by those that cyanobacteria favor and thus construct a mutant mMT-I gene that expresses mMT at a higher level. On the other hand, the shuttle vector pKT210 can replicate in a wild range of cyanobacteria, so it is possible to develop metal-tolerant strains suitable for di¡erent aquatic habitats by transferring the recombinant plasmid containing the mMT-I gene into other cyanobacterial candidates. E¡orts towards these are now underway in our laboratory. 
